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In this study, an effective wet-chemical route was developed in an aqueous solution for the synthesis of
spindle-like palladium nanoparticles (Pd NPs). Spindle-like Pd NPs in high-yield were successfully syn-
thesized by using cetyltrimethylammonium chloride (CTAC) as surfactant and ascorbic acid (AA) as re-
duction reagent. The inﬂuence factors including the concentration of CTAC, AA, and NaI, as well as the
reaction temperature for synthesis of spindle-like Pd NPs were systematically investigated. The forma-
tion mechanism of spindle-like Pd NPs was proposed on the basis of these experimental results. Spindle-
like Pd NPs with high density of twins and sharp edges exhibit enhanced catalytic activities for the
reduction of 4-nitrophenol.
& 2016 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Noble metal nanoparticles (NPs), such as Pd NPs, have received
much attention because of their important application in organic
reactions, fuel cell, hydrogenation, and petroleum cracking on the
basis of their excellent catalytic performance [1–4]. According to
their remarkable hydrogen-adsorption capacity, Pd NPs also play a
key role in hydrogen storage and puriﬁcation [5]. It is well known
that the performance of Pd NPs mentioned above depends
strongly on its size and shape [6]. Controllable synthesis of Pd NPs
is thus important for uncovering the size- and shape-dependent
properties and achieving their practical applications. Until now, a
variety of synthetic methods for Pd NPs have been developed in
aqueous or nonhydrolytic media. A myriad of shape-controlled Pd
NPs, such as polyhedral NPs [7–12], nanorods [13], nanobars [14],
nanowires [15–17], nanoplates [18], and branched multipods
[19,20] have been routinely synthesized. However, until now, se-
lective synthesis of spindle-like Pd NPs in high-yield has not been
accomplished. Here, we report a facile wet-chemical route for
controllable synthesis of spindle-like Pd NPs with high density of
twin and sharp edge in an aqueous solution. Such spindle-like NPs
have high catalytic activity toward the reduction of 4-Nitrophenol
(4-NP).y. Production and hosting by Elsev
als Research Society.2. Experimental section
2.1. Materials
Cetyltrimethylammonium chloride (CTAC), sodium iodide
(NaI), 4-Nitrophenol (4-NP), and sodium borohydride (NaBH4)
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Ascorbic acid (AA) and sodium tetra-
chloropalladate(II) (Na2PdCl4) were purchased from Aladdin
Chemistry Co. Ltd. Deionized (DI) water with a resistivity of
18.2 MΩ cm was prepared with a Milli-Q water puriﬁcation sys-
tem. All chemicals were used without further puriﬁcation.
2.2. Synthesis of spindle-like Pd NPs
In a typical procedure of the spindle-like Pd NPs synthesis,
5 mL of 0.1 M CTAC (0.5 mmol) aqueous solution were ﬁrstly in-
troduced into 4.5 mL DI water in a glass vial. Then, 15 μL of 0.1 M
NaI (0.0015 mmol), 40 μL of 0.125 M Na2PdCl4 (0.005 mmol), and
0.6 mL of 0.1 M AA (0.06 mmol) aqueous solution were succes-
sively added into the above solution containing CTAC under vig-
orous stirring for 30 s to form homogeneous solution. The ﬁnal
concentration of Na2PdCl4, CTAC, AA, and NaI was 0.5, 50, 6.0, and
0.15 mM, respectively. Subsequently, the as-prepared Pd precursor
was reacted at room temperature without stirring for 55 min. The
color of solution was changed from yellow to black, indicating the
formation of Pd NPs. The ﬁnal product was collected by cen-
trifugation at 14,500 revolutions per minute (rpm) and washed
thoroughly with DI water to remove the surfactant CTAC forier B.V. This is an open access article under the CC BY-NC-ND license
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precipitated on the bottom of the tubes and the supernatant so-
lution became clear and colorless. Further experiments were also
conducted to determine the inﬂuence of reaction temperature and
the concentration of the reagents on the synthesis of spindle-like
Pd NPs.
2.3. Characterization
The products were characterized by transmission electron mi-
croscopy (TEM, JEM-1400), high-resolution TEM (HRTEM, JEM-
2100F), and X-ray diffraction (XRD, Bruker D8). Samples for TEM
and HRTEM observation were prepared by putting a droplet of the
well-washed sample on a copper grid coated with a thin carbon
ﬁlm and then evaporating in air at room temperature. XRD spectra
were measured on a Bruker D8 Focus X-ray diffractometer with Cu
Kα radiation (λ¼0.15418 nm) by depositing the product on a glass
slide.
2.4. Catalytic activity of spindle-like Pd NPs
The catalytic activity of spindle-like Pd NPs was evaluated by
the reduction of 4-NP to 4-aminophenol (4-AP) in an aqueous
solution. In this study, 1 mL of 15 mM 4-NP and 12 mL of 0.5 M
NaBH4 aqueous solution were ﬁrstly injected into 86 mL DI water
at room temperature. The concentration of 4-NP in the initial
suspension was 0.15 mM. No color change was observed before the
addition of Pd NPs. Subsequently, 1 mL the as-prepared spindle-
like Pd NPs colloid solution was introduced into the solution
containing 4-NP and NaBH4 under vigorous stirring to trigger the
reduction of 4-NP. The color of the solution was gradually changedFig. 1. (a) Low- and (b) high-magniﬁcation TEM images of spindle-like Pd NPs, (c) HR
diffraction pattern of spindle-like Pd NPs. Scale bars for (a), (b), and (c) are 500, 100, anfrom yellow to colorless as the increase of reaction time, sug-
gesting 4-NP was reduced by NaBH4 in the presence of spindle-like
Pd NPs. To measure the amount of the residue of 4-NP, the sus-
pension was partially taken out during the reduction experiment.
And then, the sampled solution was diluted with DI water for
measuring the absorption of 4-NP on a Shimadzu UV-3101PC
spectrophotometer.3. Results and discussion
TEM images demonstrate that the major product (without
puriﬁcation, yield 490%) synthesized in an aqueous solution
containing 0.5 mM Na2PdCl4, 6.0 mM AA, 50 mM CTAB, and
0.15 mM NaI was dominated by spindle-like Pd NPs (Fig. 1a and b).
The length and diameter (middle part) of spindle-like Pd NPs are
12075 nm and 1072 nm, respectively. Interestingly, unlike Pd
nanorods with uniform diameter, the diameter of spindle-like Pd
NPs is decreased along its long axis, resulting in the formation of
sharp tip at their both ends. Fig. 1c presents the HRTEM image of a
spindle-like Pd NP. The lattice fringe with an interplanar spacing of
0.14 nm which attributes to {220} plane of face-centered cubic
(fcc) Pd. This suggests that spindle-like Pd NPs grew along the
〈220〉 direction, as displayed in Fig. 1c. The corresponding XRD
pattern identiﬁes that the as-obtained NPs are only composed of
Pd (JCPDS No. 00-005-0681). No peaks for PdO or other impurities
are detected in the XRD pattern, as presented in Fig. 1d. The in-
tensity ratio of (200) to (111) diffraction peak in the XRD pattern
was 0.77, which was higher than that of the bulk value of 0.35. This
suggests that the spindle-like Pd NPs were abundant in the {200}
planes, and moreover their {200} planes tended to beTEM image recorded at the center part of a single spindle-like Pd NPs, (d) X-ray
d 2 nm, respectively.
Fig. 2. TEM images of the reaction products obtained at (a) 5 min, (b) 15 min, (c) 25 min, (d) 35 min, (e) 45 min, and (f) 55 min in a one-pot reaction for synthesis of spindle-
like Pd NPs. All the scale bars are 200 nm.
Fig. 3. TEM images of the Pd NPs synthesized by using CTAC of different concentrations: (a) 25 mM, (b) 50 mM, (c) 75 mM, and (d) 100 mM. All the scale bars are 200 nm.
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substrate.
Experiments were performed to investigate the formation
process of spindle-like Pd NPs in a one-pot reaction. TEM images
of products sampled at 5 min, 15 min, 25 min, 35 min, 45 min, and55 min are presented in Fig. 2. After reacted for 5 min, the sample
was composed of square-like Pd NPs of about 25 nm in size to-
gether with a few ﬂower-like and spherical Pd NPs (Fig. 2a). After a
reaction time of 15 min, the square-like Pd NPs grew into rod-like
Pd NPs with 50 nm in length and 15 nm in width (Fig. 2b). As the
Fig. 4. TEM images of the samples synthesized by using NaI with different concentration: (a) 0 mM, (c) 0.05 mM, (c) 0.1 mM, (d) 0.15 mM, (e) 0.2 mM, and (f) 2.0 mM. TEM
images of the product obtained by using (g) KI, (h) NaF, (i) NaCl, and (j) NaBr instead of NaI. All the scale bars are 200 nm.
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Fig. 5. TEM images of the products synthesized by using AA with different concentrations: (a) 3.0 mM, (b) 6.0 mM, (c) 9.0 mM, (d) 12.0 mM,(e) 15.0 mM, and (f) 18.0 mM. All
the scale bars are 200 nm.
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increased from 50 nm to 110 nm, whereas their width was de-
creased from 15 nm to 10 nm (diameter of center part of spindle-
like NPs, Fig. 2c-f). Interestingly, after 35 min, the diameter of Pd
NPs was gradually decreased along its long axis, resulting in the
formation of spindle-like NPs. Moreover, the amount of spherical
and ﬂower-like Pd NPs decreased. This suggests selective etching
of square-like Pd NPs and the dissolution of the spherical and
ﬂower-like Pd NPs occurred in the growth process. Because our
experiments were performed in air, a mass of oxygen and Cl ions
(from CTAC) were existed in present wet-chemical reaction sys-
tem. The strong oxidative etching from O2/Cl ions pairs is thus
inevitable [20]. We thus believe that the selective etching of
square-like Pd NPs and the dissolution of the spherical and ﬂower-
like Pd NPs resulting from the oxidative etching of O2/Cl pairs.Obviously, the oxidative etching of O2/Cl ions pairs play a positive
role for yielding spindle-like Pd NPs with uniform size. To clarify
this claim, experiment was conducted under nitrogen. In this case,
the ﬁnal product was dominated by spherical Pd NPs with a broad
size distribution (see Fig. S1 in the Supporting information). As is
known, the selective adsorption of surfactant on the surface of a
metal NP can effectively block the effects from oxidative etching
[7,21]. In this work, CTAC was used as a stabilizer to prevent ag-
gregation of the products. Besides this, we infer that CTAC mole-
cules selective adsorb on the surfaces of spindle-like Pd NPs.
Consequently, the spindle-like Pd NPs have a high stability in
contrast to Pd nanostructures made of spherical NPs, such as
spherical and ﬂower-like Pd NPs. The ﬁnal product was thus
dominated by spindle-like Pd NPs in this study.
The roles of the reagents and conditions (CTAC, NaI, reaction
Fig. 6. TEM images of the sample synthesized at different temperatures: (a) 20 °C, (b) 40 °C, (c) 60 °C, and (d) 80 °C. All the scale bars are 200 nm.
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how they affected the formation of the spindle-like Pd NPs.
Experiments were performed only by changing the concentration
of CTAC. If without using CTAC, large Pd agglomerates of black
color were deposited at the bottom of reaction vial because of a
lack of protection. At a CTAC concentration of 25 mM, besides a
few spindle-like Pd NPs, the product was mainly composed of ir-
regular Pd NPs (Fig. 3a). Spindle-like Pd NPs were exclusively
produced when the CTAC concentration is in the range of 50–
75 mM (Fig. 3b and c). At CTAC concentration is higher than
100 mM, the as-synthesized product tended to form Pd NPs
(Fig. 3d). This reﬂects that CTAC with an optimal concentration is
crucial for the formation of spindle-like Pd NPs. Further experi-
ments revealed that the halide species released from surfactant
also play an important role in this study. When CTAC is replaced by
CTAB while the other conditions are kept the same, the reaction
becomes slower because the stability constant of [PdBr4]2 ions is
nearly 104 time higher than that of [PdCl4]2 ions [22]. TEM ob-
servation indicated that the product was Pd NPs with irregular-
shape and a broad size distribution (Fig. S2).
Besides surfactant CTAC, we found that the presence of I ions
in the reaction system is very important for producing spindle-like
Pd NPs in high yield. When repeated the experiment, the product
is 30 nm Pd NPs with random shapes and no spindle-like Pd NPs
were obtained in the absence of NaI (Fig. 4a). Our results indicated
that the spindle-like Pd NPs was gradually increased as the in-
crease of NaI concentration from 0.05 to 0.15 mM (Fig. 4b-d).
However, if NaI concentration is higher than 0.2 mM, the yield of
the spindle-like Pd NPs began to decrease. TEM observation de-
monstrated that the ﬁnal product was dominated by Pd NPs of
10 nmwhen the concentration of NaI reaches 2.0 mM (Fig. 4f). Thissuggests that NaI with a high concentration is unfavorable to the
formation of spindle-like Pd NPs. Our results indicated that the
spindle-like Pd NPs can be readily produced if KI was used as NaI
substitute (Fig. 4g). Whereas, irregular-shaped Pd NPs become the
dominant products by using NaF, NaCl, or NaBr instead of NaI
(Fig. 4h-j), highlighting the importance of I ions from iodide such
as NaI or KI in the selective synthesis of spindle-like Pd NPs.
Generally, the reduction rate of metal precursor is a key factor
for the shape and size of metal NPs. Experiments using AA of
various concentrations were thus carried out and keeping all the
other parameters identical to the case of Fig. 1. Fig. 5 shows the
morphology for the products synthesized with different AA con-
centrations. Note that no reaction was occurred in the absence of
AA. When AA concentration is 3 mM, spindle-like Pd NPs were
appeared in the as-obtained product (Fig. 5a). Interestingly, the
products were dominated by high-quality spindle-like Pd NPs
if the AA concentration is in the range from 6 mM to 15 mM
(Fig. 5b-e). However, the higher AA concentration such as 18 mM
limits the formation of spindle-like Pd NPs due to the high re-
duction rate of Pd precursor (Fig. 5f). This indicates that an ap-
propriate reduction rate of Pd precursor is vital for the formation
of spindle-like Pd NPs. Our previous work revealed that, besides
concentration of reduction reagent, the reduction rate of metal
precursor can be tailored by tuning the reaction temperatures [5].
Experimental results with different reaction temperatures showed
that the spindle-like Pd NPs were produced predominantly at
temperature from 20 to 40 °C (Fig. 6a and b). The color of the
reaction solution changed quickly from orange to deep brown
when the temperature is higher than 60 °C, the products are a
mixture of irregular-shaped Pd NPs and spindle-like Pd NPs, which
are comparable in amount (Fig. 6c and d).
Fig. 7. TEM images of the spindle-like Pd NPs with various sizes synthesized by using Na2PdCl4 of different concentrations: (a) 0.25 mM, (b) 0.5 mM, (c) 0.75 mM, and
(d) 1.0 mM. All the scale bars are 200 nm.
Fig. 8. (a) UV–vis absorption spectral evolution of 4-NP aqueous solution in the presence of spindle-like Pd NPs synthesized at room temperature with a concentration of
Na2PdCl4, CTAC, AA, and NaI was 0.5, 50, 6.0, and 0.15 mM, respectively. The corresponding TEM images are shown in Fig. 1, (b) the catalytic activity (Ct/C0) and (c) kinetics of
spindle-like Pd NPs.
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amount of Na2PdCl4 in the initial precursors. TEM observation sug-
gested that the spindle-like Pd NPs were produced in high yield
when the Na2PdCl4 concentration ranges from 0.25 to 1.0 mM.
Moreover, the length of spindle-like Pd NPs increased from 100 to
160 nm as the increase of K2PdCl4 concentration from 0.25 to 1.0 mM
(Fig. 7). These results reﬂected that the size of spindle-like Pd NPs can
be rationally manipulated by simply tuning the molar concentration
in the initial precursor. Consequently, the wet-chemical process
presented here is a straightforward and effective synthetic strategy
for high-yield preparation of spindle-like Pd NPs of various sizes.
We carried out the reduction reaction of 4-NP to 4-AP as a
model reaction to examine the catalytic activity of spindle-like Pd
NPs. Our results show that the 4-NP is quantitatively converted to4-AP within tens of minutes (Fig. 8a), indicating that the spindle-
like Pd NPs are highly active for this reaction. Note that the ab-
sorption peak at 400 nm originates from 4-NP was almost un-
changed in the absence of the catalyst (Fig. 8b), suggesting that
only NaBH4 cannot induce the conversation of 4-NP to 4-AP. Be-
cause the addition amount of NaBH4 is over-excessive in the re-
action system, the NaBH4 concentration was regarded as a con-
stant throughout the whole reaction. The reduction kinetic reac-
tion could be described by pseudo-ﬁrst-order kinetics [23],
ln(C0/C)¼ kt, where k was a pseudo-ﬁrst-rate kinetic constant and
t was reaction time. In this work, the reaction rate constant for the
conversation of 4-NP to 4-AP by using the as-synthesized spindle-
like Pd NPs as catalyst is 0.1395 min1.
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In summary, we develop a straightforward method for selective
synthesis of high-quality spindle-like Pd NPs in aqueous solution.
Spindle-like Pd NPs in high-yield of various sizes were successfully
synthesized by using CTAC as both the stabilizer and shape-con-
troller. The role of speciﬁc experimental parameters including
concentration of CTAC, NaI, and AA, as well as reaction tempera-
ture involved in the formation of spindle-like Pd NPs have been
systematically investigated and identiﬁed. We found that the
optimal condition for synthesis of spindle-like Pd NPs are 20–40 °C
for reaction temperature, 50–75 mM for CTAC concentration,
6–15 mM for AA concentration, 0.25–1.0 mM for Na2PdCl4
concentration, and together with 0.15 mM NaI. It has been
revealed the oxidative etching by O2/Cl pairs plays a positive role
for the synthesis of spindle-like NPs. Spindle-like Pd NPs with high
density of twins and sharp edges exhibit an excellent catalytic
activity for the reduction of 4-nitrophenol.Acknowledgments
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